The use of aspirin for primary prevention of cardiovascular events in the general population is controversial. The purpose of this study was to create a versatile model to evaluate the effects of aspirin in the primary prevention of cardiovascular events in patients with different risk profiles. 
C
ardiovascular disease is the main cause of morbidity and mortality in the adult Western population, for both men and women. 1 Strategies for counteracting epidemiologic risk factors such as cigarette smoking, hypertension, and hypercholesterolemia have proved effective as primary and secondary prevention. 1 Aspirin plays an important role in secondary prevention by reducing the occurrence of cardiovascular events such as myocardial infarction (MI), stroke, and cardiovascular-associated mortality. 2 Aspirin's role in primary prevention, however, is not as clear.
Although aspirin reduces risk of MI in men aged 40 to 84, its use is associated with important adverse effects, and the balance of benefits and harms is still uncertain. The United States Preventive Task Force does not recommend for or against the use of aspirin for primary prevention ("C" recommendation), as there is insufficient evidence that the benefits outweigh the risks. 1 The recent Antiplatelet Trialists' Collaboration attributed nonstatistically significant benefits to aspirin for the prevention of 4 cardiovascular events for every 1,000 persons treated over a 5-year period. 2 These effects combine a significant onethird reduction of nonfatal MIs and a nonsignificant increase in stroke events. Data are still scarce on the net effects of aspirin in patients having different risk profiles, as even the same amount of relative risk changes would have a greater absolute impact on higher-risk patients. At least four randomized, placebo-controlled trials of aspirin as a prophylaxis are currently under way in more than 65,000 subjects. 3 The recently published thrombosis prevention trial showed that aspirin significantly reduced nonfatal cardiovascular events in high-risk patients by 32%, although there was no difference in fatal events and total strokes. 4 While we await further results, decision analysis is an appealing technique for evaluating the risks and benefits of taking aspirin for primary prevention of cardiovascular events in cohorts with different cardiovascular risks. We created a decision-analytic model taking into consideration individual risk profiles for cardiovascular events to determine aspirin's effectiveness in groups of persons with particular sets of risk factors. In this way, we simulated the potential effects of aspirin in a variety of patients seen in the primary care setting.
METHODS

Strategies
We considered two plausible strategies: "aspirin prophylaxis" ( aspirin ) and "no aspirin prophylaxis" ( no aspirin ). The first, a primary prevention strategy, consists of lowdose aspirin taken daily (75-325 mg per day). 2 The second is the "control" strategy.
Markov Decision Model
We constructed a Markov decision-analytic model 5 to describe and compare the possible outcomes of the two strategies for patients with any risk profile (see Fig. 1 .) The hypothetical cohorts consist of patients with specific cardiovascular risk profiles who all begin in the same state of health ( well ), and are followed for a defined period of time, during which their health state can change. We chose 1 year for the cycle length of the Markov process for model simplicity but also because it is unlikely for patients to make transitions through several health states in a single year.
In persons with no history of coronary heart disease (CHD) or cerebrovascular disease, the initial decision is a choice between aspirin treatment and no treatment. Figure 1 shows the square decision node that represents the choice between these options. The chance events related to each choice are represented by Markov subtrees depicted in Figure 1 as the nodes represented by "M." The health states presented in Figure 1 are as follows: Figure 1 also displays the subtrees representing the chance events for patients during each year of the Markov simulation. Regardless of treatment option aspirin or no aspirin , all cohorts begin the Markov process in one of the well states ( well aspirin or well no aspirin , respectively). During each year of the model, the patients may die of age-gender-specific noncardiovascular causes or of riskprofile-specific cardiovascular causes-these patients exit the model by entering the death state. The majority of patients do not have any cardiovascular events; those who do and survive may have had an MI ( nonfatal MI ), a stroke ( nonfatal stroke ), a bleed , or an ulcer .
Patients with ulcers and bleeds go through the same tree for the next year, but have a reduced quality of life (see Utilities section below), as they are in a less-thanperfect state of health. If they remain event-free at the end of the year, they go to the well no aspirin state; those previously in the aspirin cohort will no longer receive aspirin.
A person who begins the year in the stroke well, stroke disabled , or nonfatal MI health state can either die of any cause during that year or survive. We also assumed equal probabilities for each branch in both the aspirin and no aspirin Markov trees because we did not want to differentiate primary from secondary prevention effects. It is well proved that aspirin has a clear benefit in secondary prevention, 2 and all patients who suffer an ischemic stroke or an MI should take aspirin if they have no contraindications.
Cohorts for Analysis
We considered several cohorts for analysis, including cohorts of typical patients and those with various number and types of risk factors. The cohorts of patients with representative sets of risks profiles are described in Table 1 . We chose these cohorts because they represent a set of diverse risk profiles typically encountered by physicians in the asymptomatic population. We modeled seven cohorts for each of four strata based on starting age (55 and 65 years old) and gender (male and female), with each cohort generated by a different numbers of risk factors. The lowestrisk cohort has no risk factors. It incorporates the median population values for cholesterol level, high-density lipoprotein level (HDL), and systolic blood pressure (SBP) according to age and gender and were free from cigarette smoking, diabetes, and left ventricular hypertrophy (LVH). We generated six more cohorts for each age-gender stratum by adding one risk factor in the following order: high cholesterol, low HDL, high SBP (for the previous risk factors we used the 95th percentile for each age-gender strata), cigarette smoking, diabetes, and LVH. The median and 95th-percentile values for risk factors for different age and gender were obtained from Framingham heart study data. 6 The risk profiles demonstrate a small part of the model's flexibility; certainly many more risk profiles are plausible.
The simulations were run for 10 years; therefore, the maximum attainable outcome is 10 quality-adjusted life years.
Assumptions
The model incorporates the following assumptions. First, the model applies to persons with no previous history of CHD or cerebrovascular disease, peptic ulcer, or hypersensitivity to aspirin (inclusion criteria of most studies), 7, 8 and only to those individuals aged 55 years or older (a Framingham stroke equation requirement). 9 Although no randomized controlled trial of primary prevention in women has been conducted, there are enough data from secondary prevention 2 and prospective cohort studies 10 to assume similar relative effects in men and women. The initial follow-up in primary prevention trials was 5 to 6 years. Aspirin effects are similar for each year of follow-up. Because there is no evidence that aspirin stops being effective while it is being taken, 2 we extended the follow-up period to 10 years. Annual incidences of CHD and cerebrovascular disease were calculated from the Framingham equations, a validated set of equations to predict coronary heart disease and stroke incidence for different risk profiles. [11] [12] [13] It was calculated from each 10-year incidence estimate, assuming a constant transition rate during that period.
Relative effects of aspirin are computed irrespective of patient age, blood pressure, diabetes status, cigarette smoking, HDL and total cholesterol level, and other risk factors. 2 Aspirin dose was assumed to be 75-325 mg a day, which consequently lowered the rate of bleeding and gastrointestinal complications without compromising aspirin's antiischemic effects. It has not yet been possible to dissociate aspirin's beneficial antithrombotic effects from the deleterious bleeding complications, even with a dose of 75 mg per day. 14 Strokes were counted in the studies only if they lasted longer than 24 hours and were categorized by severity as disabling or nondisabling based on the effect on function. 7 Therefore, we restricted our model to strokes other than transient ischemic attacks. Major bleeds are noncerebral bleeds requiring transfusion.
Although aspirin ingestion and colon cancer prevention were linked in some studies, 15 we did not incorporate this relation into our model because no randomized controlled trials have yet reported such benefits. Minor bleeds were not directly considered in the model; rather, they are incorporated into the preferences for the health state of taking aspirin.
Primary prevention study groups were analyzed with the intention to treat (i.e., we did not explicitly incorporate compliance into the model). However, it should be noted that after 60.2 months, compliance at the end of the Physician's Health Study was 86% in both the aspirin group ( n ϭ 11,037, dose of 325 mg on alternate days) and placebo group ( n ϭ 11,034). 7 After 36 months of follow-up in the British study, compliance was 70% in the aspirin group (n ϭ 3,429, dose of 500 mg per day) and 98% in the no-aspirin group. 8 As cardiovascular events present the main cause of death in adults, they have an important impact on total mortality. Among people with more risk factors, total mortality will be higher, mainly because of cardiovascular deaths but sometimes from other causes such as smokingrelated lung cancer. Cardiovascular-related mortality was calculated as risk-factor dependent, but we made the assumption that noncardiovascular mortality was age and gender specific without accounting for the differences in risk factors.
Probabilities
Probability values for the transitions between Markov health states were based on values from the medical literature. Definitions of transition probabilities and their sources are shown in Table 2 . Aspirin-related probabilities were extracted mainly from the Antiplatelet Trialists' Collaboration meta-analysis. 2 Data not available from that study, were provided by the Physician's Health Study, such as the risk of ulcer or disabling stroke. 7 To estimate the incidence of any event that occurs while taking aspirin, we multiplied the incidence of that same event without taking aspirin by the appropriate relative risk ( Table 3) .
The decision-analytic model was built with the flexibility to accommodate any set of risk profiles. Therefore, we obtained CHD and cerebrovascular disease incidence estimates associated with each risk factor. Framingham equations were used to quantify a cohort's specific CHD risk according to its risk profile. 6 The risk of CHD is based on the patient's blood pressure, smoking status, total cholesterol and HDL cholesterol levels, presence of electrocardiographic LVH, age, and presence of diabetes. Two Cox parametric regression models were developed, one for men and one for women, and are composed of slightly different parameters reflecting the different relative contributions of these factors for men and women. The equations have also been validated in other populations with a high degree of accuracy. 13 Excluded from the analysis was angina pectoris, which accounts for about 40% of first coronary events, 16 because we were interested in occlusive coronary events and wanted to match our data with those of the Antiplatelet Trialists' Collaboration meta-analysis. 2 We calculated the 10-year incidence rates of CHD for each particular risk profile and then computed annual incidence rates, assuming a constant rate. 17 Probabilities of MI and cardiac arrest for the first CHD event by age, gender, annual mortality rates, and annual mortality after surviving the first year were extracted from a CHD computing simulation model developed by Weinstein et al. 18 and from other epidemiologic studies. 19 Similar regression models had been developed to estimate the likelihood of stroke for men and women. 9 Risk factors include age, SBP, presence of hypertension treatment, diabetes, smoking, electrocardiographic LVH, cardiovascular disease, and atrial fibrillation. The model is then used to determine the likelihood of a cohort with a given set of risk factors developing a stroke in a given time period (10 years in our model). As our model was based on primary prevention, all patients started with no cardiovascular disease or atrial fibrillation. Incidence of stroke severity and annual fatality rates were extracted from several epidemiological studies [20] [21] [22] [23] [24] and primary prevention studies. 7, 8 We estimated ulcer and major noncerebral bleeding incidence rates from the control arm of the Physicians' Health Study. Caution is needed in interpreting these data as approximately one third of recruited subjects were excluded in the selection process, mainly because of gastrointestinal symptoms. 7 We accounted for this in the sensitivity analysis.
Age-specific annual mortality rates for the cohorts were taken from U.S. life-table data. 25 
Utilities
We measured outcomes in quality-adjusted life years. Each Markov health state is assigned a utility value between 0 and 1. The utility associated with spending 1 year in a given state is the incremental utility. The qualityadjusted survival accrued for the entire Markov process is calculated by multiplying the total number of years spent in each state by the incremental utility of each state and summing the results for each strategy. The Markov model therefore yields a patient prognosis in terms of qualityadjusted survival, up to a possible maximum of 10 qualityadjusted life years. Table 4 presents a list of utilities and plausible ranges for the various health states. The same utilities were used for every cohort. Taking into consideration the quality of life after a stroke and being consistent with other decisionanalytic studies, 26 we assigned a utility of 0.50 for disabling strokes (hemorrhagic or ischemic) and 0.75 for nondisabling strokes. 27 For bleeds that result in only short-term morbidity, a utility of 0.97 was assigned for the 1-year period after the event (i.e., 1 week deducted from overall survival). 26 The utility for the health state of MI was taken from the survey by Tsevat et al. 28 The utility for the health state of ulcer was taken from a study that evaluated the perceived patient burden of gastrointestinal complications. 29 The side effects of taking medication can diminish the quality of life. The utility of taking one aspirin a day is assumed to be 0.999. This value is consistent with assumptions made in previous decision analyses comparing management strategies for atrial fibrillation. 26, 27 
Calculations
The model was developed using SMLTREE 2.9 software for decision analysis (J.P. Hollenberg, New York, N.Y., 1989). One-way sensitivity analysis was performed to examine the robustness of the optimal decision to variations in both probability and utility estimates.
We performed a sensitivity analysis on the uncertain probabilities in the model, such as the annual probability of having an ulcer or a major bleed. We also performed a threshold analysis on the utility of taking aspirin, as this burden may vary from patient to patient. Finally, we examined the thresholds associated with aspirin's relative effects on the different outcomes.
RESULTS
The majority of cohorts achieved some benefit from aspirin. However, in all the cohorts, regardless of age and gender, we found that the decision to use aspirin as a chemoprophylactic agent depended on the risk profile (Tables 5 and 6). The model suggested that aspirin not be taken in the cohorts with the lowest-risk profile (loss of 1.83 quality-adjusted days in 10 years of follow-up) and favored taking aspirin in the cohorts with higher-risk profiles (gain of 3.3 to 11.3 quality-adjusted life days in 10 years of follow-up). Regarding aspirin's effect in crude life expectancy, all cohorts benefited from receiving aspirin with a net benefit ranging from 0.73 to 8.04 days (see Tables 5 and 6). In general, the benefit of aspirin was greater as the number of risk factors increased. The presence of LVH had different effects among the different cohorts; it increased the benefit of aspirin in 55-year-old women but diminished the benefit of aspirin in all other cohorts. This seemingly contradictory effect could be explained by LVH's significant effect on stroke incidence and relatively low incidence of stroke in 55-year-old women.
We tested the stability of the model performing oneway sensitivity analysis on the probabilities that are less certain in the literature (annual ulcer incidence and major bleeds) ( Table 7) . The model was robust for most of the ranges of aspirin's relative effects on probabilities (nonfatal MI, ulcer, and major bleeding). The model was also robust for the ranges of most utilities (nonfatal MI, disabling and nondisabling stroke, ulcer, and major bleeding). In the cohorts of 65-year-old men and women (data not shown for women), the optimal strategy to take aspirin was also sensitive to aspirin's effect on stroke incidence. Two variables were extremely significant in one-way sensitivity analysis: the utility of taking aspirin and aspirin's relative effect on cardiovascular-related mortality. All the cohorts tested were sensitive to the utility of taking aspirin and to aspirin's effect on cardiovascular mortality. To show the pattern of variables that were sensitive in the different cohorts, Table 7 demonstrates a threshold analysis of key variables in 65-year-old male cohorts and in 55-year-old female cohorts.
The interpretation of the results in Table 7 is dependent on the optimal decision recommended by the model, the type of variable under examination by the one-way sensitivity analysis (i.e., probability of event, relative risk of aspirin's effects, or utility of adverse outcome), and whether or not a threshold exists.
For the rows not in boldface type, the baseline analysis recommended taking aspirin. In these scenarios, if a threshold value for the probability of an event or the relative risk of aspirin's effects does not exist, then the optimal decision to take aspirin is robust to variation in the parameter under examination. Alternatively, if a threshold value for the probability of an event or the relative risk of aspirin's effects does exist, then for any value greater than the threshold, not taking aspirin would become the optimal decision. Similar reasoning can be made for utility thresholds when the baseline analysis recommended taking aspirin. However, for utilities there are two different effects-one for the burden (disutility) of taking aspirin, and the other for the burden of MI. If a threshold exists for the utility of taking aspirin, then a decrease in the utility of that health state to the threshold or lower will change the optimal decision to not take aspirin. If the utility for non-fatal MI becomes greater than the threshold for that variable, then again the recommendation changes to not take aspirin.
For example, in the cohort of the next-to-highest-risk 65-year-old men (sixth row of top part of Table 7 ), the baseline analysis indicated that aspirin was the optimal strategy. Figure 2 demonstrates the threshold analysis. For utility values smaller than 0.9966, rather than the base case value of 0.999, the no-aspirin strategy would be recommended. In that same cohort, if the relative risk of stroke while taking aspirin were greater than 1.3075, then the noaspirin strategy would be recommended (compare with base case, for which relative risk of stroke equals 1.17).
The logic is reversed when a cohort's optimal strategy in the baseline analysis was to not take aspirin, designated by the boldface rows in Table 7 . Again, the interpretation of the threshold is dependent on the variable that is examined in the one-way sensitivity analysis. For the threshold for the FIGURE 2. Threshold analysis: 65-year-old men with five risk factors. Shaded region indicates that no aspirin is optimal strategy.
FIGURE 3.
Threshold analysis: 55-year-old women with no risk factors. Shaded region indicates that no aspirin is optimal strategy. utility of the health state of taking aspirin, the optimal decision would change from not taking aspirin to taking aspirin for any value higher than the threshold. No other probability variable has a threshold for the cohorts originally better off with the no-aspirin strategy. Thus, no reasonable change in these probabilities would change the optimal recommendations for these cohorts. With regard to the cohorts for which the initial choice was no aspirin: if a threshold exists for the effects of aspirin, relative risk variables of effect, a value smaller than the threshold would change the optimal choice from the no-aspirin strategy to the aspirin strategy.
The above reasoning is demonstrated in the threshold analysis for the cohort of lowest-risk 55-year-old women (Fig. 3) . In this cohort the baseline analysis showed that no aspirin was the optimal strategy. If the utility of the health state of taking aspirin were 0.9997 or higher, then taking aspirin would be recommended. Similarly, the aspirin strategy would be favored if aspirin's relative risk on fatal vascular events were less than 0.8378 (compare with baseline value for aspirin's relative effect on cardiovascular mortality equal to 0.98).
For the purposes of clinical applicability, we show in Tables 8 and 9 all the possible cohorts and aspirin's potential benefit in each of them. Although in the great majority of possible cohorts the aspirin strategy was better than the no-aspirin strategy, these tables demonstrate the cohorts that most benefit from taking aspirin, as indicated by a boldface A. In these cohorts, the benefit of taking aspirin was equal to or greater than 3.5 quality-adjusted life days, which we considered a clinically relevant difference, especially considering the significant impact that the administration of aspirin could have at the population level.
DISCUSSION
The role of aspirin in the primary prevention of cardiovascular events, major causes of morbidity and mortality, can have important public health implications. However, this role is controversial and has engendered considerable disagreement among various organizations. According to the United States Preventive Services Task Force, "There is insufficient evidence to determine whether the proven benefits of routine aspirin prophylaxis given for the primary prevention of MI in asymptomatic men aged 40 to 84 years outweigh the proven harms. In men with other risk factors for coronary heart disease who lack contraindications to aspirin use, the benefits may outweigh the harms. In asymptomatic men without risk factors for coronary heart disease or with relative contraindications to aspirin use, the harms may outweigh the benefits." 1 The Canadian Task Force on Periodic Health Examination states, "The evidence is not strong enough to support a recommendation that routine aspirin therapy be used or not be used for the primary prevention of cardiovascular disease in asymptomatic men. The decision on whether to prescribe aspirin should be made on an individual basis after the benefits of decreased incidence of ischemic cardiovascular events have been balanced against the potential risks associated with prolonged aspirin use." 30 The American Heart Association advises, "Any decision to use aspirin in the primary prevention of cardiovascular disease should be based on an individual clinical judgment by a physician or other health care provider in which the cardiovascular risk profile of the patient is considered." 31 Hirsh et al., however, state that "Aspirin is indicated in asymptomatic men and women over age 50 to prevent myocardial infarction." 32 The latest Antiplatelet Trialists' Collaboration describes the data in this way: Among approximately 28,000 primary prevention subjects studied, allocation to receive an average of just over 5 years of antiplatelet therapy produced a small but highly significant reduction of 5 per 1,000 nonfatal MIs, but the reduction in cardiovascular events (non-fatal MI, nonfatal stroke, and cardiovascular death) was slightly smaller and less clearly significant-4 per 1,000. In contrast with the highly significant reduction in nonfatal strokes among high-risk subjects, there was no evidence of any decrease in nonfatal strokes among these low-risk subjects; rather, the reverse was found, with 2 per 1,000 increase in nonfatal strokes (though this was not statistically significant). 2 The above sets of recommendations leave health care providers with a considerable degree of uncertainty. How do we define significant risk for MI? How can we balance the benefits against the risks in a systematic way? What are the specific individual risk profiles that have a net benefit from aspirin therapy? What is the role of aspirin in women? What happens when quality-of-life measures are considered? Answers to these questions are currently being sought in randomized controlled trials, 3 but are still not available. To bring some systematic appraisal to this conundrum, we constructed a Markov decision model that uses as input the variables of gender, age, total cholesterol level, HDL cholesterol level, SBP, antihypertensive 
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treatment, smoking status, diabetes mellitus, and electrocardiographic LVH. This model has the flexibility to accommodate any particular set of risk factors. For this purpose we combined epidemiologic data with aspirin effectiveness data gathered from the Antiplatelet Trialists' Collaboration meta-analysis and utility data from the literature to predict the incidence of cardiovascular events given particular risk factors. It is therefore possible to use this model for physician-patient decision making at the time of an office visit, recognizing that this analysis should be applied only to men and women between the ages of 55 and 70 and that it only follows them for a 10-year period.
The two most important variables to which all the cohorts were sensitive were the utility of aspirin and the effect of aspirin on the risk of fatal vascular events (something that we hope further studies will clarify). For older cohorts, who have a higher stroke incidence, aspirin's relative effect on stroke incidence is also a key variable. Reassuring results regarding stroke incidence were recently published. 4 There is no clear evidence that the relative effects of aspirin change with risk factor status. Conversely, these relative effects could have a different absolute effect depending on the predicted incidence of cardiovascular events for persons with a particular risk profile.
Taking all this into consideration, aspirin administration for primary prevention in high-risk cohorts compares favorably with other prevention strategies. By comparison, a widely accepted intervention such as mammography screening for women aged 50 to 69 years improves life expectancy 12 days; mammography screening in women aged 40 to 49 years-a much more controversial issue-only adds 2.5 days of life expectancy. 33 Benefits of aspirin for primary prevention might even be greater if aspirin's beneficial effect in patients with colorectal cancer is included. Our model showed that patient preferences make a difference in the optimal decision. 34 Our study is more supportive of giving aspirin for primary prevention than the general statement of the United States Preventive Services Task Force. 1 The model predicts benefits in life expectancy and quality-adjusted life expectancy for most risk profiles, although absolute benefit increases in high-risk patients. The analysis gives the decision maker a quantitative method to decide if a person with a particular risk profile would benefit from aspirin. Although the benefits from aspirin are not large for an individual, they are comparable to those of currently accepted interventions; from a public health perspective, the benefits could be important for men and women between ages 55 and 70. The estimated benefits have been outlined in tabular format for purposes of clinical decision making in the office setting. These tables can assist general internists and their patients in deciding whether aspirin is appropriate based on the patient's age, gender, and risk factors.
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